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Liquid lead and lead-silver alloys were investigated 
to determine the rates and products of oxidation in pure 
oxygen at temperatures of 350 to 600°C. 
The kinetic data were determined using a Cahn electro-
balance. Liquid lead was found to follow a cubic rate of 
oxidation between 350 and 400°C. A parabolic rate was 
found at temperatures above 400°C. 0.496% silver and 
ii 
2.258% silver alloys followed a cubic rate of oxidation from 
350 to 550°C and tended to approach a parabolic rate of 
oxidation above this temperature. Silver additions were 
found to increase the rate of oxidation as compared to the 
pure lead rates. 
No significant pressure effects were found over a range 
of 730 mm to 1 mm Hg of oxygen. 
Both PbO (orthorhombic) and PbO (tetragonal) were 
found to be the reaction products at temperatures of 350 and 
450°C. At 550°C only PbO (orthorhombic) was found. In all 
cases, the oxide was preferentially oriented, with the (002) 
basal plane parallel to the melt surface. 
iii 
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NOMENCLATURE 
~ = "change in" 
aPb = activity of lead 
A = constant used in Arrhenius equation 
°C = degrees centigrade 
D0 (Pb0) = diffusion constant for oxygen in PbO 
EA = activation energy 
~G 0 = change in Gibbs free energy 
°K = degrees Kelvin 
K = equilibrium constant eq 
k = reaction rate constant 
Loge( ) = natural logarithm 
n = exponential value used in the equation 
(~)n = kt which defines the type of 
oxidation 
p 
o2 (gas) = external o2 pressure 
POz(Pb/PbO) = equilibrium o2 pressure at the lead-lead 
oxide interface 
% = weight percent unless otherwise defined 
-1 AgPb = silver atom, +1 charge on normal lead site 
e = electron 
h+ = holes 
Oi = uncharged oxygen, interstitially located 
Oi = charged oxygen, interstitially located 
iv 
v 
PbPb = lead atom on a normal lead site 
Pb: 2 
l = 
interstitial lead atom, +2 charge 
Vo +2 oxygen vacancy, +2 charge = 
-
VPb = lead vacancy, -2 charge 
vi 
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I. INTRODUCTION 
In recent years, the lead industry has seen the 
development of a material designated as dispersion 
strengthened lead (DS lead). DS lead is manufactured by 
atomizing a liquid lead alloy in air and subsequently 
recompacting this powder into a finished product. With this 
treatment the manufactured product exhibits vastly improved 
ultimate strength and creep resistance. 
The amount and type of oxide formed during atomi-
zation of the DS lead alloy is one factor controlling the 
properties of the DS lead product. Development of new 
alloys for this field may be aided by more extensive 
knowledge of the mechanism for oxidation of various basic 
lead alloys. 
The purpose of this investigation was to study one of 
the more common alloys of lead. This research was directed 
toward finding not only the rates of oxidation, but also 
identifying the type of oxide formed. 
Although this work may have some value in connection 
with the production of DS lead, there are also other areas 
where the results of this investigation may be of value. 
One of the more common areas where data of this type may be 
used is in the refining operations for the separation of 
silver by cupellation. 
1 
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II. LITERATURE REVIEW 
The earliest work on lead oxidation was carried out by 
Tamman and a number of his co-workers. 1 - 4 They used the 
visually observed interference colors formed on the surface 
of the lead melt during oxidation in air. The interference 
colors were then related to the oxide film thickness. Using 
this method, they were only able to collect data for 
approximately 15 minutes; after this period, the thickness 
of.the oxide scale was so great that interference colors 
were not visible. The results of this work yielded an 
exponential function. The constants of this function changed 
with film thickness resulting in a relationship which was 
not simple for the rate of oxidation: 
t = aeby - a 
where: y = thickness of the oxide layer 
t = time 
a = constant 
b = constant 
(1) 
The constant a is not temperature dependent; b is temperature 
dependent and increases exponentially with increasing 
.temperature. 
The rate of oxidation, therefore, must be such that the 
oxide films and their permeabilities to ions change during 
oxidation. 
Pilling and Bedworth 5 obtained a parabolic rate for 
the oxidation of lead at 300°C in air. Their samples were 
weighed after various times of oxidation, and the resulting 
data were found to be in agreement with the equation: 
where: x = the weight increase 
k = a constant 
t = time 
Jung, 6 in a theoretical paper, attempted to resolve 
this variance from an optical standpoint, concluding that 
for tarnishing the exponential law is only valid for a 
(2) 
3 
special sequence of interference colors. He concluded that the 
parabolic law is valid for determination of true oxide 
thickness. 
C. Wagner 7 proposed that an explanation of Tamman's 
function could be provided by development of unstable films 
initially in the oxidation process. Initially these unstable 
films would permit a high rate of diffusion, but permeability 
would decrease after formation of a stable coherent film; 
and the rate would then correspond to the parabolic function. 
Jung and Dunn 8 found Tamman's methods inaccurate, but 
K. Fischbeck 9 found that other research workers had 
established that the rate of growth of homogeneous oxide 
films on lead actually decreases more rapidly than the 
parabolic law predicts. These workers concluded that 
diffusion proceeds more rapidly in the vicinity of the 
surface of a tarnish film because of lattice defects there. 
Archibald and Grace 10 used an experimental technique 
very similar to Tamman's. They found that for the oxidation 
of pure lead at temperatures from 453°C to 643°C a parabolic 
rate law was applicable. They obtained an activation energy 
of 13 kcal/mole. Their experiments lasted up to 10 minutes 
before tarnishing colors were no longer clearly defined. 
W. Gruhl 11 in an extensive work on pure lead and lead 
alloy oxidation confirmed C. Wagner's statement that 
deviations from the pure diffusion law (Pick's law) may 
occur due to the presence of fine cracks in the oxide film. 
This could possibly cause a parabolic curve to rise more 
steeply and change to a straight line. Linear rates were 
found by Gruhl with lead-cadmium alloys and by Scheil and 
Kiwit 12 for the oxidation of tungsten, and also by Pilling 
and Bedworth 5 for liquid calcium and magnesium. 
A. Burkhardt 13 published the work which he did using 
an accurately measured amount of air (4 liters/minute) 
introduced into a 1000 g melt at 420°C and subsequently 
making dross withdrawls after 10-30 minutes and weighing 
this dross. Hoffman and Mahlich 14 note that Burkhardt's 
results stand in contradiction to the work of V. Arkel 15 
who used high purity (99.999%) lead. 
W. Gruhl investigated the influence of various 
impurities on the drossing of lead in long time tests 
4 
(100 hours) in which the atmosphere was statically maintained 
over the specimen. A gravimetric technique was used with 
the oxide weighed in situ at 5-10 hour intervals. Gruhl 
found that with 99.993% lead (NA electrolytic) that the 
oxidation rate at 500°C was smaller than that at 400°C. 
Gruhl's reason for this was based on the formation of Pb 3o4 
at this temperature. Above 600°C, Gruhl found the rate of 
oxidation to be linear. In experiments with alloys, he 
found that Ca, Li, Mg and Na strongly promoted oxidation; 
sometimes this promotion occurred after a period of 5-20 
hours. 
Gruhl found almost no effect of Ag on the rate of 
oxidation of lead up to 1% silver. At this point the silver 
reduced the rate of oxidation by less than 3%. Gruhl also 
found that 0.01% tin resulted in a rate reduction from pure 
lead of about 40%. At 0.1 to 1% tin, the rate of oxidation 
was reduced by 90% of the pure lead rate. These experiments 
were carried out at 400°C in air. Gruhl did not publish 
any data for the higher temperature oxidation of lead-tin 
alloys. 
Hoffman and Mahlich 14 studied the drossing of lead 
melts in static air by continuous gravimetric means, and 
also by observation of tarnish colors arising from the 
thinnest layers formed. The lead for the tarnishing 
experiments was contained in alumina crucibles and heated 
in a crucible furnace. The tarnishing colors were visually 
observed and the times at which the various colors were 
observed were obtained using a s.topwatch. The temperature 
5 
range studied was 400° to 500°C. 
They found that for the thin films a logarithmic 
equation, 
Log t = a + by 
fit their data, where: t = time 
y = thickness of the oxide film 
6 
(3) 
a = a constant which gives incubation 
time 
b = a temperature dependent constant 
In Hoffman and Mahlich's gravimetric experiments, an 
alumina crucible was used with a free surface of 8.55 cm2 . 
Rather than reducing the lead melt, they cast their ingot, 
shaved it and then cleaned the ingot in an ether-alcohol 
mixture. The sample was then quickly hung on the balance 
in the hot zone of the furnace. The reaction took place in 
room air with the sample enclosure open to the atmosphere. 
The balance used was not of the continuous weighing type; 
therefore, the sample weight gain was obtained at intervals. 
Hoffman and Mahlich were not able to obtain a particu-
larly good correlation on the tarnishing results from their 
gravimetric findings but found that 0.005% Ag and 0.01% Ag 
promoted the rate of oxidation of pure lead. They also 
found that water vapor and changes in oxygen pressure did 
not have a significant effect on the rate of oxidation of 
lead. The rate of oxidation was retarded after repeated 
removal of the dross from their pure lead. They explained 
this as the removal of fast oxidizing impurities in the melt, 
and also the possibility of an increase in oxygen dissolved 
in the melt. 
Weber and Baldwin 16 studied the oxidation of lead in 
stainless steel cups up to 800°C. A gravimetric balance 
similar to Hoffman and Mahlich's was used with the sample 
tube open to the atmosphere. They found that the change in 
weight versus time curves yielded a series of parabolas. It 
is suspected that the PbO formed during the long term 
oxidation runs was reacting with the stainless containers. 
In Weber and Baldwin's explanation of their results, they 
proposed that the successive parabolas may be related to 
variations in the structure of the lead oxide scale. The 
7 
first parabola was found when the thin surface layer consisted 
essentially of Pb 3o4 . This possibly corresponds to the films 
formed in the first few minutes at 450-640°C and measured by 
the interference method by Archibald and Grace. 10 
Gruhl's results above 550°C and Weber and Baldwin's 
data at 800°C indicated that spitting and puffing of the 
oxide scale was causing a transition from diffusion 
controlled to adsorption controlled oxidation. 
The results of Krysko's 17 work are in agreement with 
Hoffman and Mahlich as to reduced rates of oxidation 
resulting from cleaning the oxide from a previously 
oxidized specimen. He attributes this effect to the 
presence of impurities which were dressed out in the 
initial oxidation. Krysko also tested the influence of 
various crucible materials, these included two types of 
Al 2o3 , Phythagoras, porcelain, aluminum (99.99%), sheet 
steel and 20% Ni - 25% Cr steel. 99.9999% Cominco lead 
8 
was used in these tests. Only the two aluminum oxide 
crucibles gave similar curves (Degussit and Morganite) and 
according to him would appear to have no influence on the 
rate of oxidation. The aluminum container formed an Al 2o3 
skin on the lead and reduced the rate of oxidation. Krysko 
also tested the influence of Cu, Ni and Co solid bodies in 
the lead melt; an alumina crucible was used. The samples 
were held for 144 hours at 480°C. At the end of these tests, 
small amounts (0.03-0.20%) of the solid body material were 
found in the lead and fairly significant amounts in the 
dross (1.1-2.9%). 
Thompson and Strong 18 studied the self diffusion 
coefficients of oxygen in solid PbO (orthorhombic) at 
various temperatures between 500 and 650°C. The anion 
diffusion coefficients were compared with the calculated 
values of D~bO using Weber and Baldwin's and Gruhl's data. 
Their data showed that in PbO (orthorhombic), anions are 
one or more orders of magnitude more mobile than cations; 
and they felt this indicated that the oxidation of liquid 
lead in air is controlled by diffusion of anions. 
Lindner 19 studied the rate of diffusion of radioactive 
lead in PbO (orthorhombic). He found that for PbO (ortho-
rhombic), the activation energy for lead diffusion was 
66 kcal/mole. They also found that the activation energy 
for diffusion of lead in PbO (tetragonal) was 13 kcal/mole. 
9 
Remy 21 indicated that lead forms two simple oxides: 
PbO (two forms) and Pb0 2 ; also a mixed oxide Pb 3o4 , formed 
as a mutual occurrence of both oxides (PbO, Pb0 2). The two 
forms of PbO are: PbO (tetragonal) below about 488.S°C 
which is stable and reddish in color; above this temperature, 
the PbO (orthorhombic) crystalline modification is stable. 
Furthermore, Pb 3o4 is formed on heating lead to S00°C. At 
550°C the oxygen pressure of Pb 3o4 attains the partial 
pressure of atmospheric oxygen (0.21 atmospheres) and Pb 3o4 
decomposes to oxygen and PbO. 
Birkumshaw and Preston22 studied the oxidation films 
on lead and found that the film at 600°C on the metal side 
consisted of PbO (tetragonal), while on the oxygen side 
the oxide was enriched in PbO (orthorhombic). The crystals 
of the yellow PbO (orthorhombic) and probably those of the 
red PbO (tetragonal) also were oriented with the (001) 
planes parallel to the surface of the melt. 
Niwa, et al. 23 carried out electron diffraction 
studies on the structures of oxide films formed on the 
surface of various non-ferrous melts. These melts included 
lead and lead-tin alloys. They found that for pure lead, 
a mixture of PbO (tetragonal) and PbO (orthorhombic) was 
obtained up to 475°C and above this temperature on~y 
PbO (orthorhombic) was found. A (001) preferred orientation 
was noted in these oxides. Their oxides were formed by 
exposing the fresh, molten surfaces in air for one minute 
at temperatures from the melting point up to 500°C. 
Relatively little has been published on liquid metal 
oxidation, and the work which has been reported is 
comparatively old. References to most of the previously 
mentioned papers, however, may be found in an excellent 
review article by Drouzy and Mascre. 2 ~ 
10 
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III. EXPERIMENTAL PROCEDURE 
A. Materials Used 
1. Lead. The lead used in this work was obtained from 
the St. Joe Minerals Corporation, Herculaneum, Missouri. 
This lead was 99.999% pure and was supplied in pig form. 
2. Silver. The silver used for the formation of the 
lead silver alloy was produced by the American Smelting and 
Refining Company, South Plainfield, New Jersey. It 
analyzed 99.999% pure and was supplied in shot form, 
approximately 2 mm in diameter. 
3. Lead-Silver Alloys. The alloys used for oxidation 
and subsequent X-ray diffraction analysis were prepared by 
melting the components in a nickel crucible in air. Dross 
formed during melting was skimmed off, and the alloys were 
cast into small pigs. These alloys were analyzed for alloy 
content by St. Joe Minerals Corporation, Monaca, Pa. No 
evidence of nickel was found in these pigs using atomic 
absorption analysis. 
The alloys used for the gravimetric tests were 
prepared by melting in the experimental balance equipment 
and held in flowing hydrogen for approximately 20 hours at 
600°C. By using the balance itself to determine the actual 
amount of addition made, an accurate determination of the 
extent of alloying could be made. 
B. Gravimetric Experiments 
1. Equipment. A Cahn RH recording electrobalance was 
used in all of the gravimetric experiments. The theory of 
operation for this type of balance has been discussed by 
Cahn, et al. 25 ' 26 An overall view of the equipment is 
presented in Figure 1. 
12 
Sample weights of approximately 35 g were charged 
into a recrystallized alumina crucible (Coors 998). The 
crucible height was 20 mm and the free surface of the melts 
was 7.39 cm 2 . The sample crucible was supported by 28 gauge 
alumel wires passed through holes located at 120° spacing 
around the rim of the crucible. These alumel wires were 
fashioned into a yoke to connect the crucible to the alumel 
hangdown wire extending from the balance arm. 
The balance, sample and tare weights were enclosed 
in a glass system. Nupro AJ4 valves were used in con-
junction with copper tubing for the gas lines. Vacuum hose 
was used in areas where flexibility was necessary. 
The sample enclosure consisted of a glass hangdown 
tube as shown in Figure 2. The hangdown tube was connected 
to the balance enclosure by a special ball joint of Cahn 
manufacture. The hot zone of the hangdown tube was Vycor 
glass (approximately 55 mm I.D.). Pyrex to Vycor seals 
were used to attach the ball joint and gas inlet and exhaust 
joint to this Vycor section. Tare weights were suspended 
in a separate enclosure also connected to the balance by a 
ball joint. The vacuum line was brought into the balance 
13 
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FIGURE .2. VIEW OF BALANCE, HANGDOWN TUBE, SAMPLE, 




through another ball joint on top of the balance enclosure. 
The entire balance mechanism, bottle and hangdown tube was 
supported by a Dexion frame 3' x 3' x 6'. The framework 
16 
was semitriangulated, using brass tubing of 3/4 inch diameter. 
The framework was anchored to the concrete floor with four 
' 
one-half inch bolts. 
All systems which could cause vibration feedback 
to the balance mechanism were isolated. The vacuum pump 
was on a special carrier, the furnace controller, chart 
recorder and balance controls were on a separate table. 
The furnace relays and variac were also isolated. 
A Lindberg Hevi-Duty furnace was used for the 
gravimetric experiments. The heating section on this 
furnace was originally 18 inches long. By blocking out 
10 inches of the heating elements, an 8 inch hot zone was 
achieved. For this operation, a smaller hot zone tends to 
reduce aerodynamic noise. 
The Lindberg furnace was operated at 175 volts and 
5 amperes. The control thermocouple (Type K) was cemented 
into the furnace lining on the same level as the sample 
position. Internal temperature measurements were made using 
a type K thermocouple approximately 0.5 inches above the 
sample. These thermocouple leads were brought out of the 
balance system via a multi-pin plug supplied for this 
purpose. 
Temperature control was achieved with a Leeds and 
Northrup No. 6263 Electromax, Duration Adjusting Type 
17 
controller. Internal temperature was controlled to ±O.S°C. 
There was some variation in the sample temperature 
for various runs conducted at the same controller set point. 
In the most extreme cases, this variation was ±S°C. As an 
example, the equipment may have been set for a temperature 
of 490°C; but the temperature achieved could be 490 ± s0 c 
with a thermal cycle of ±O.S°C. 
The electrobalance had a maximum load of 100 g with 
electrical indicating ranges of 0.2 mg to 20 g. The rated 
sensitivity was 10- 6 g, and the precision in the ranges 
used was approximately 10- 6 g. The output was recorded on 
a 1 mV strip chart recorder (Texas Instruments Servo Riter II). 
2. Gravimetric Procedure. The system was sealed and 
evacuated to 100 microns. Only a rough vacuum was needed 
for the changing of the environment of the system. Before 
each run, the sample was held under flowing hydrogen for at 
least 10 hours at 600°C. A microprobe analysis of a sample 
treated in this manner indicated that alloys prepared in 
this manner were uniform in composition throughout and had 
a clean surface. 
After reduction, the sample was cooled to room 
temperature in hydrogen and the initial weight for the run 
was obtained. The sample was then heated to 600°C in 
hydrogen and subsequently cooled to the desired reaction 
temperature. This operation assured alloy homogeneity. 
When the reaction temperature was attained, the hydrogen 
was evacuated from the system at 100 microns and the desired 
pressure of oxygen was admitted. The chart recorder was 
turned on as soon as oxygen was admitted to the system. At 
the end of a run, the system was cooled down to room 
temperature, evacuated and filled with hydrogen to obtain 
the final weight. The determination of the initial and 
final weights was necessary because at the beginning of the 
run, when oxygen was added to the system, thermal gradients 
resulted in recorder instability. By knowing the weight 
change, this difficulty can be circumvented by finding the 
final weight on the chart and subtracting the weight change 
for the run. This operation also eliminates buoyancy 
effects from the calculation. 
C. X-ray Analyses 
A vacuum system was constructed as shown in schematic 
in Figure 4. The purpose of this system was to permit the 
separate preparation of oxidized samples of lead-silver 
alloys which were being oxidized in the gravimetric tests. 
The sample holder consisted of a Vycor (T/S 34/45) 
18 
joint with its end sealed flat. The metal charge was 
contained in a RA-98 alundum filtering crucible. The lead 
alloys studied were found to wet the surface of recrystallized 
alumina crucibles so effectively that samples could only be 
removed by destroying the crucible. Filtering crucibles 
were found to work very effectively for.this purpose. 
With the filtering crucibles, the metal sample was 6xidized 












FIGURE 4. SCHEMATIC DRAWING OF VACUUM SYSTEM USED FOR PREPARATION 





between the metal and crucible, sample removal became easy. 
A small tube furnace was used to heat the sample in 
the vacuum system. Temperature control was ±5°C. 
1. X-ray Diffraction Sample Preparation Procedure. 
20 
The entire system was evacuated and backfilled with hydrogen. 
The sample was melted and held at 600°C in flowing hydrogen 
for 2 hours to adequately remove any surface oxides. The 
system was then cooled to reaction temperature; the hydrogen 
was evacuated, and oxygen was admitted to the system to a 
pressure of 10 em Hg. Most samples were oxidized for 5 hours 
and then cooled to room temperature. The cooled sample was 
then ready for X-ray diffraction examination. 
2. X-ray Diffraction Analyses. Various samples, 
similar in composition to the lead-silver alloys run in the 
gravimetric experiments, were oxidized in the previously 
described vacuum system. The purpose of these samples was 
to identify the type of oxides formed during oxidation. The 
sample buttons made in the vacuum system were approximately 
0.75 inches in diameter and 0.125 inches in thickness. 
A Siemens Crystalloflex (Cu target, Ni filter) X-ray 
diffractometer was used in the oxide identification work. 
The metal buttons were mounted in an aluminum plate with a 
central hole punched in it. Modeling clay was pressed 
around the edges of the sample to hold the button in place. 
This arrangement conveniently fit the diffractometer slide 
sample holder and kept the oxidized surface of the sample 
in plane with the X-ray beam. Generally, the table of the 
diffractometer was turned at 1°/minute (x 0 = 28), and the 
chart recorder was run at 1 em/minute. For most patterns, 
the sample was examined between 28 = 15° to 80°. 
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IV. EXPERIMENTAL RESULTS 
A. Thermogravimetric Results 
The oxidation rates of pure lead and two lead alloys 
were studied in the temperature range 350 to 580°C. The 
results of these experiments are plotted in Figures 5 to 11. 
Tabulated values of the experimental data, including runs 
to check reproducibility, are included in Appendix A. As 
mentioned previously, the desired sample temperature could 
not always be exactly achieved, although the thermal 
fluctuations about this temperature were quite small (±0.5°C). 
Therefore, the actual run temperature may be in variance to 
the isothermal temperature comparisons in Figures 5 to 10. 
The actual run temperatures are given in Appendix A along 
with the experimental data for that run. 
Error flags have been included on the 532°C and 392°C 
curves in Figure 5. These were used to give a graphic 
example of the reproducibility obtained in'these experiments. 
Figures 12 to 14 are Loge(~ weight/area) versus Loge 
(time) plots of the pure lead and lead-silver oxidation data. 
As can be visually estimated and confirmed by a linear least 
squares fit, the lines in these figures can be represented 
by a straight line of the form: 
Loge(~ weight/area) = m Loge(time) + I 
It was found that, in general, increasing the silver 
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FIGURE 1 3. LOGARITHM OF WEIGHT GAIN PER AREA AS A 
FUNCTION OF THE LOGARITHM OF TIME 
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FIGURE 14. LOGARITHM OF WEIGHT GAIN PER AREA AS A 
FUNCTION OF THE LOGARITHM OF TIME 
FOR 2.258% SILVER 
32 
oxidation (at a given temperature). A general compilation 
of calculated data from Figures 5 to 14 is presented in 
Tables I to III. 
The activation energy for the oxidation of these lead 
and lead-silver alloys can be calculated in the following 
manner: 
Where the data can be expressed in the form 
33 
(~ weight/area)n = kt 
then, n Loge(~ weight/area)= Loge(k) + Loge(t). 
(5) 
(6) 
In Figures 12 to 14, the n value will be the reciprocal of 
the slope of the line; and the value of Log (~ weight/area) e 
at t = 1 hour will be equal to Loge(k). 
By using the Arrhenius equation: 
k =A exp(-Ea/RT), (7) 
the E (activation energy) of the reaction is determined by 
a 
plotting Logek versus 1/T, the slope of the resulting line 
being equal to -Ea/R. 
Figure 15 is a graph of Logek versus 1/T, for pure 
lead, 0.496% silver and 2.258% silver. Each set of data 
exhibited a definite break in the Logek versus 1/T plot at 
about 440 to 490°C. The data was found to be linear on both 
sides of this break, with a greater slope at the higher 
temperatures than the slope at the lower temperatures. 
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TABLE IV 













ACTIVATION ENERGIES FOR SELF DIFFUSION FROM THE LITERATURE 
Pb in PbOtet = 13 Kcal/mole 
Pb in PbOortho = 66 Kcal/mole 
0 in PbOortho = 22.4 Kcal/mole 
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segment of these curves along with the activation energies 
for self diffusion in PbO (orthorhombic) and PbO (tetragonal). 
The results of the pressure effect experiments are 
listed in Table V. The purpose of these runs was to determine 
the effect of varying the oxygen gas pressure on the rate 
constant for the oxidation of pure lead. The pressure 
effects shown in Table V are not felt to be of sufficient 
magnitude to indicate that pressure is affecting the 
oxidation rate. Not only are the values too small, but, 
also, they show a decrease instead of increase with increased 
oxygen pressure as would be expected from the models 
discussed in Section V. 
B. X-ray Diffraction Results 
The results of the X-ray diffraction studies are listed 
in Tables VI to VIII. Each table contains the 28 angle, the 
d spacing, the accepted intensity values given in the ASTM 
card index for PbO (tetragonal) and PbO (orthorhombic) and 
the observed intensities obtained by oxidizing pure lead and 
0.01%, 0.1%, 1.0% and 3.05% silver alloys. Only the d 
values which were experimentally found were included in the 
list of ASTM values for PbO (orthorhombic) and PbO 
(tetragonal). 
Relatively large (0.496% and 2.258% silver) alloy 
additions were made for the gravimetric experiments. The 
choice of these alloys was based on the desire to illustrate 
the effect of silver throughout the hypoeutectic range of 
TABLE V 
OXYGEN PRESSURE EFFECT ON THE RATE CONSTANT 
FOR PURE LEAD OXIDATION 
Oxygen Pressure 
730 mm Hg 
100 mm Hg 











Temperature = 490°C, Pure Lead 
9.88 cm 2 = Free Surface, Recrystallized 







the lead-silver phase diagram. Alloy additions of 0.01%, 
0.1%, 1.0% and 3.05% silver were studied in the X-ray 
diffraction experiments. The purpose of the larger number 
of alloys in this group was to aid in determining trends 
in oxide formation and morphological changes occurring as 
a result of alloy content. 
In Table VI it can be noted that all of the alloys 
oxidized at 350°C exhibited a mixture of PbO (tetragonal) 
and PbO (orthorhombic) during X-ray diffraction analysis 
at room temperature. For all of the alloys, both oxides 
were found to be preferentially oriented, with the (002) 
basal plane parallel to the melt surface. There was also 
a tendency for greater amounts of PbO (tetragonal) to form 
as the silver content of the alloy was increased. 
In Table VII the 450°C results are listed. A trace 
of PbO (tetragonal) exists in the 1.0% and 3.05% silver 
alloys. The predominate reaction product for all the 
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alloys at 450°C was PbO (orthorhombic). At this temperature, 
it was also noted that the oxides were preferentially 
oriented with the basal plane (002) parallel to the melt 
surface. 
In Table VIII the 5S0°C results are listed. Only PbO 
(orthorhombic) was found to be a reaction product. As at 
the other temperatures studied, all of the oxide formed was 
preferentially oriented with the basal plane (002) parallel 
to the melt surface. 
Pb 3o4 was not encountered in the X-ray diffraction 
investigations. It is felt that if Pb 3o4 does exist at 
10 em Hg of oxygen pressure, it is evident only over an 
extremely small temperature range, or it is not present in 
sufficient quantities to have been detected in this 
investigation. 
Crystal reversions are possible when a sample has 
42 
been cooled to room temperature for X-ray diffraction 
analysis as was done in this investigation. If the PbO 
(orthorhombic) to PbO (tetragonal) transition occurred, 
the presence of some PbO (tetragonal) should have been 
indicated in the 550°C results. Since no PbO (tetragonal) 
was found, this transition must occur very slowly if at all. 
A PbO (tetragonal) to PbO (orthorhombic) transition may 
have taken place though. This possibility is expressed 
because the indicated transition temperature of PbO 
(tetragonal) to PbO (orthorhombic) from the X-ray diffraction 
data is at a lower temperature than is indicated by the 
break in the activation energy plot of the gravimetric data. 
TABLE VI 
X-RAY DIFFRACTION PATTERNS FOR LEAD AND LEAD-SILVER ALLOYS AT 350°C 
ASTM VALUES OBSERVED VALUES 
COPPER TUBE PbO (tet.) PbO (or tho.) Lead 0.01% Ag 0.1% Ag 
28 deg. d Intensity Plane Intensity Plane 
15.02 5.893 vw 001 vvw 
17.66 5.018 vvw 001 vvw 
28.63 3.115 vs 101 vvw vw vw 
29.09 3.067 vs 111 
30.31 2.946 w 002 vs vs VS 
31.83 2.809 s 110 vvw 
32.60 2.744 w 200 
35.75 2.510 vw 002 vw s s 
37.82 2.377 
45.11 2.008 vw 202 
45.57 1. 988 vw 200 vvw vvw 
46.20 1.963 vvw 003 vvw vw vw 
48.59 1. 8 72 w 112 vvw vvw 
53.07 1. 724 
54.76 1.675 w 211 
59.26 1. 558 vw 282 
59.94 1. 542 vw 103 vvw vvw 
63.01 1.474 vw 131,004 vvw vw vw 
















X-RAY DIFFRACTION PATTERNS FOR LEAD AND LEAD-SILVER ALLOYS AT 450°C 
ASTM VALUES OBSERVED VALUES 
COPPER TUBE PbO (tet.) PbO (ortho.) Lead 0.1% Ag 1% Ag 3.05% Ag 
26 deg. d Intensity Plane Intensity Plane 
15.02 5.893 vw 001 vw 
17.66 5.018 vvw 001 
28.63 3.115 vs 101 
29.09 3.067 vs 111 
30.31 2.946 w 002 vs vs vs vs 
31.83 2.809 s 110 
32.60 2.744 w 200 vvw 
35.75 2.510 vw 002 vvw vvw 
37.82 2.377 w 020 vw 
45.11 2.008 
45.57 1. 988 
46.20 1. 963 vvw 003 vw vw vvw vw 
48.59 1.872 
53.07 1. 724 vw 113 vvw vvw 
54.76 1.675 w 211 
59.26 1. 558 vw 202 
59.94 1. 542 
63.01 1. 4 74 vw 131,004 vw vw vw vw 




X-RAY DIFFRACTION PATTERNS FOR LEAD AND LEAD-SILVER ALLOYS AT 550°C 
ASTM VALUES OBSERVED VALUES 
COPPER TUBE PbO (tet.) PbO (ortho.) Lead o.oi% Ag 0.1% Ag 1% Ag 
28 deg. d Intensity Plane Intensity Plane 
15.02 5.893 vw 001 vw vw vw vw 
17.66 5.018 vvw 001 
28.63 3.115 VS 101 
29.09 3.067 VS 111 vvw vvw vvw 
30.31 2.946 w 002 vs vs VS vs 
31.83 2.809 s 110 
32.60 2.744 w 200 
35.75 2.510 vw 002 
37.82 2.377 w 020 vvw 
45.11 2.008 vw 202 vvw 
45.57 1.988 vw zoo 
46.20 1.963 vvw 003 vw vvw vvw vvw 
48.59 1.872. w 112 
53.07 1. 724 vw 113 vw vvw vvw 
54.76 1.675 w 211 
59.26 1. 558 vw 202 
59.94 1. 542 vw 103 
63.01 1.474 vw 131,004 vw vw vvw vvw 









A. Pure Lead Oxidation 
Most investigators of metallic oxidation characterize 
their oxidation data as linear, parabolic, logarithmic or 
cubic. These terms merely imply the shape of the weight/area 
versus time plot. Kofstad 27 has an extensive discussion of 
these rate laws. In general, using the equation: 
(~ weight/area)n = kt (8) 
the value of n yields the general rate law in effect. The 
value of n is determined by taking the reciprocal of the 
slope found in the Loge(~ weight/area) versus Loge(time) 
plot. 
The kinetics of oxidation are said to be linear when 
n = 1. In this case, the mechanism is controlled by 
adsorption of the gas phase on the metal surface, or the 
straight line data are actually an average of many curved 
segments. This situation may result from an oxide layer 
that is forming and cracking quite rapidly. 
The rate of oxidation is said to be parabolic if 
n = 2. This is the only rate law for which there is a 
theoretical derivation. The derivation is based on the 
diffusion of charged species through a thick oxide film. 
Appendix B gives a detailed derivation of Wagner's parabolic 
rate theory. 28 
The rate of oxidation is defined as cubic when the 
value of n = 3. Values of n which are greater than 3 are 
considered to be logarithmic. The only theories to explain 
cubic and logarithmic rate equations are based on very thin 
oxide films with electronic space charges controlling the 
charged species movement. Other explanations of the cubic 
rate law are based on the combination of various rate laws 
as discussed below or by the presence of a morphological 
complication such that the overall rate appears to follow 
a cubic form. 
The results of this investigation indicate that pure 
lead oxidizes according to a cubic rate in the temperature 
range 350 to approximately 400°C. At temperatures above 
400°C, the oxidation kinetics tend to follow a parabolic 
form. These statements are confirmed by the tabulated 
values of n for pure lead oxidation found in Table I. 
Kofstad 29 indicates that a cubic rate may well arise 
from a combination of a logarithmic and parabolic rates. 
In the majority of results of this study, a strong case can 
be made for a logarithmic-parabolic mechanism. The oxide 
films were quite thin during the initial stages of reaction 
(up to 0.5 hours) but after 1 hour of oxidation approached 
a thickness of 1 ~. This thickness of the scale is an 
estimate arrived at by using the theoretical density of 
PbO (orthorhombic), the exposed surface area of the melt 
and the weight uptake found. 
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The data in the first ~ hour of any gravimetric 
experiment were unobtainable under the experimental procedure 
used. When a run was started, the addition of the oxygen 
gas tended to disturb the sample in two ways. First, 
although the gas was admitted slowly, the impact of the gas 
stream on the hangdown wire tended to induce a periodic 
sample motion. Secondly, the oxygen gas admitted to the 
system was at room temperature; when this gas entered the 
hot sample tube, sizable convection currents disturbed the 
sample until the newly admitted gas had equilibrated with 
its surroundings. These effects resulted in anomalous data 
in the first ~ hour of an experiment. This is the region 
where a logarithmic rate would manifest itself greatest. 
Therefore, the l.ogarithmic section of the data cannot be 
mechanistically treated. Data taken after ~ hour of reaction 
lies in the parabolic region (thick film) and can be 
treated. 
Wicks and Block 30 have tabulated the following free 
energy data for the reaction of lead and oxygen to form 
PbO (orthorhombic) and PbO (tetragonal): 
Pb 1 + ~0 2 + PbO (orthorhombic) 





Pb 1 + ~0 -+ 2 PbO (tetragonal) 




These data indicate that below 762°K (489°C) PbO 
(tetragonal) has a slightly m?re negative free energy. At 
762°K, Wicks and Block state that the PbO (tetragonal) 
converts to PbO (orthorhombic). 
The results of this investigation correlate quite well 
with this free energy data. The break in the activation 
energy plot (Figure 15) is further confirmation that the 
reaction product has changed from the mixed forms of PbO 
below about 490°C to all PbO (orthorhombic) at the higher 
temperatures. The results of the X-ray diffraction 
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experiments also confirm this conclusion, although the X-ray 
data does indicate the reaction takes place at a lower 
temperature. This apparent anomaly in results is probably 
due to the PbO (tetragonal) transforming to PbO (orthorhombic) 
on cooling as was previously discussed. 
The basis of all kinetic work is to arrive at a 
mechanism which suitably explains the results of the 
research work. From the results presented in this work, it 
is felt that lead oxidation is by anion vacancy motion 
thro~gh an n type oxide. The reaction mechanism is also 
complicated by two factors. First, two possible oxides may 
form under the conditions studied in this work, PbO 
(orthorhombic) and PbO (tetragonal). Also, there is a 
transition from a cubic rate of reaction to a parabolic 
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rate of reaction at the higher temperatures. For the reasons 
mentioned previously~ the logarithmic part of the cubic 
rate will not be discussed., but only the parabolic, diffusion 
controlled data will be used to arrive at the mechanism of 
reaction. 
From Wagner's parabolic rate theory, it is found that 
the rate constant k can be dependent on the external oxygen 
pressure. If there is an oxygen dependency, then the rate 
constant k is in the. same ratio as the equilibrium constant 
K for a defect reaction (in the oxide) is dependent on gas 
pressure. In other cases, k can be shown to be independent 
of external oxygen pressure. A pressure dependence in a 
gravimetric experiment, therefore, is quite helpful in 
determining which type of mechanism is controlling the 
parabolic reaction. As previously shown in Table V, no 
significant pressure effect was found for lead oxidation in 
the pressure range 730 to 1 mm Hg of oxygen. Therefore, 
the various defect reactions in lead oxide must be investi-
gated to determine which of these reactions will yield an 
external gas pressure independence. It should be noted that 
in the discussion of defects in lead oxide a specification 
of the particular type of crystal structure has not been 
made, only that the .oxide is PbO. 
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The defective states which can possibly exist in PbO 
are: anion vacancies, cation vacancies, anion interstitials 
and cation interstitials. 
If there are anion vacancies in the oxide, the following 
equilibrium reaction may be written: 
(9) 
This reaction indicates that with oxygen vacancies, the 
scale will ben type (electron excess), and the equilibrium 
constant will be: 
(10) 
Assuming that aPb and aPbO are constants and independent of 
oxygen pressure, and that 2[V~ 2 J = [e-], Keq may be written: 
Using Wagner's theory, 
D (PbO) = D *(PbO) P~l/ 6 
0 0 2 
const. f 







or k p 
integrating, 
= const .. J 











Table IX lists the equilibrium oxygen gas pressures for PbO 
(orthorhombic) and PbO (tetragonal) in equilibrium with 
lead. It should be noted that throughout the temperature 
range studied the equilibrium gas pressure is extremely 
small compared to the external gas pressure. 
For the case of anion vacancies, therefore, the P02 (gas) 
will effectively become insignificant in the above 
equation (16) yielding a rate constant k independent of p 
external gas pressure. Therefore, the anion vacancy 
mechanism is one possible mechanism for the oxidation of 
lead which would agree with the experimentally determined 
independence of gas pressure on rate. 
If there are cation interstitials, the following 
equilibrium reaction may be written: 
PbO ~ Pb: 2 + ~02 + 2e + 1 (17) 






EQUILIBRIUM OXYGEN PRESSUR:ES AS A FUNCTION OF TEMPERATURE 
FOR PbO (ORTHORHOMBIC) AND PbO (TETRAGONAL) 
PbO (orthorhombic) ~ Pb1 + ~02 




-37,900 600 0.369 X 10- 27 
-35,450 700 0.101 X 10-21 
-32,900 800 0.138 X 10-l 7 
-30,600 900 0.171 X 10-14 





-38,100 600 0.264 X 
10-27 




if 2[Pb: 2J = [n], and [aPbOJ = 1 l 
' 
3 ~ 
a[Pb: 2 ] Keq [Po J l 2 (19) 
or, 
The rate kp is, therefore, 






As in the previous derivation, the rate k is, therefore, in-
dependent of the external gas pressure. Therefore, cation 
interstitials are another possible defect mechanism by 
which a pressure independent rate of oxidation could be 
arrived at. 
If cation vacancies are the predominant defect in the 
oxide, the following reaction may be written: 
(22) 
This reaction indicates that cation vacancies give rise to a 
p type oxide. By using the same type of treatment as used 
for anion vacancies: 
(23) 
If the aPb and aPbO are independent of the oxygen gas 






02 a[VPb] . 
Using Wagner's theory: 
P0 (gas) 
2 
k = const. J p 
k Ci. pl/6 1/6 





If Po gas is much larger than P0 at the interface of 
2 2 
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the metal and metal oxide, the k will p be proportional to the 
gas pressure to the 1/6 power. A plot of Loge(kp) versus 
Loge(P02 gas) would then have a slope of 1/6. This was not 
obtained experimentally; therefore, the cation vacancy 
mechanism does not seem to be applicable. 
Finally, there is the possibility of two types of anion 
interstitials. The only difference in the two types is the 
charge on the interstitial anion. 
In CASE I: 
(28) 
CO!= uncharged interstitials). This reaction predicts a 
p type scale. 




Using the Wagner theory again, 
(31) 
If P0 ( ) >> P0 interface, the rate k will be dependent 2 gas 2 p 
on the external gas pressure by the relation: 
(32) 
CASE II: 
Similarly, if the interstitial anion is doubly charged, 
the following reaction may be used: 
and 




Again, using the Wagner theory, 
(36) 
then (37) 
and kp will be dependent on external gas pressure. 
Thus, in both Case I and Case II, the fact that the 
defect concentration is dependent on external gas pressure 
is just cause to consider that neither type of anion 
interstitials are active in the oxidation mechanism. 
From the preceeding discussion, only two types of 
defects in the oxide are possible for the mass transfer 
during oxidation. These two possible types of defects are 
the anion vacancy and the cation interstitial defects. To 
determine which of these defects is present in the PbO 
scale further experimentation was necessary. 
A pair of marker experiments were run to determine which 
type of defect was active in the mass transfer process of 
lead oxidation. 
The first experiment consisted of reducing a pure lead 
sample in the vacuum system, removing the sample and 
covering the surface of the lead with MgO powder. In theory, 
the inert marker (MgO) should remain in its initial position, 
and the oxide film will form above the marker if the cation 
diffuses outward (cation interstitial mechanism) and vice 
versa if the anion diffuses inward through the oxide (anion 
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vacancy mechanism). 
The first sample was oxidized for two days at sso 0 c in 
10 em Hg of oxygen. When the sample was removed, it appeared 
that all of the MgO powder was on the outer surface of the 
oxide layer. Because there might have been a tendency for 
the MgO powder to float off to the sides of the liquid 
sample, a second sample was run in which very thin magnesium 
wires were placed on the surface of the reduced lead. These 
wires were then oxidized in situ for 12 hours at 250°C, 
10 em Hg of oxygen. The sample temperature was then raised 
to 600°C and held for two and one half days. When the sample 
crucible was removed from the sample holder, it was noticed 
that the powdered MgO from the magnesium wires was on the 
surface of the oxide layer and arranged roughly in the same 
manner as the magnesium wires had been. Microprobe analysis 
of the oxide/metal interface failed to detect any magnesium. 
These experiments indicate that possibly mass transfer 
through the oxide layer is by anion vacancies. One cannot 
be absolutely definite about these results because of certain 
experimental limitations in this procedure. The MgO powder 
may have remained on the surface of the lead oxide strictly 
because of its lower density as compared to lead and PbO 
(orthorhombic). Also, even with these extensive oxidation 
treatments, there was still only a thin oxide film formed, 
which may not have been thick enough to determine whether or 
not the lead was diffusing outward. At this point though, 
the only reasonable conclusion from these experiments is 
that mass transfer does take place by an anion vacancy 
mechanism. 
With respect to the activation energies~ it is found 
that for pure lead, an activation energy of 11 to 18 kcal/ 
59 
g mole is in good agreement with ~he results of Archibald 
and Grace 10 who found an activation energy of 13 kcal/g mole 
using the interference color method. Weber and Baldwin 16 
obtained an activation energy of about 25 kcal/g mole. This 
value was in good agreement with the activation energy 
which Thompson and Strong 18 reported of 25 kcal/g mole for 
the self diffusion of oxygen in PbO (orthorhombic). This 
correlation prompted Thompson and Strong to conclude that 
lead oxidation preceeds by an anion vacancy mechanism. It 
is felt that merely concluding that if two activation 
energies agree, then the mechanisms must be the same, is 
not sufficient evidence that this is true. This is 
especially important when all of the activation energies for 
diffusion are not yet known. (The activation energy for 
self diffusion of oxygen in PbO (tetragonal) is not known.) 
The rates found experimentally in this study are 2 to 
5 times lower than the previously reported rates of oxidation 
for pure lead. In most cases, the investigations were not 
carried out using the same atmosphere and experimental 
conditions as in this study. Variation in the type of 
atmosphere over the lead may vary the rate of oxidation. 
Weber and Baldwin found that liquid lead undergoes 
three consecutive parabolic weight gains during isothermal 
oxidation in stainless steel cups. Krysko 17 has shown that 
lead oxide reacts with stainless steel thus nullifying 
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Weber and Baldwin's results as faT as pure lead data is 
concerned. Other investigators studied the changes in 
weight as the result of oxidation by removing the crucible 
from a furnace, cooling, and weighing. The sample was then 
replaced in the furnace for further oxidation. This practice 
would lead to cracking of the oxide surface when the sample 
was removed from the furnace. Also, this procedure could 
cause oxide crystal reversions. If these crystal changes 
occur, a change in reaction rate would result. 
Of the data presently available that of Krysko appears 
to be the most acceptable. Unfortunately, although his 
experimental procedure is similar to that used in this 
study, Krysko used room air as an oxygen source. It has 
been found that by oxidizing lead and lead alloys in 
atmospheric air yields a considerably different surface than 
that which is obtained by oxidizing the sample in pure 
oxygen. Presumably, this difference is caused by the 
presence of chemical fumes along with carbon dioxide, which 
are commonly encountered in laboratory atmospheres. 
One possible explanation for the lower rates found in 
this study as compared to those reported by other workers 
is that vaporization losses were higher for this study 
because of the. lower total pressure used. This was not 
found to be the case, and the tests used to determine this 
are given below. 
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Reduced liquid .lead at 530°C was held under vacuum for 
10 minutes (this was a longer period than was actually needed 
for evacuation of the system during a run). No detectable 
losses were noted. This indicates that vaporization losses 
were not encountered when the hydrogen_ gas was evacuated 
from the system prior to the start of a run. 
Another possible cause for a lower apparent rate of 
oxidation would be the oxide formed on the surface of the 
lead melt tended to evaporate under 10 em Hg oxygen pressure. 
To test this possibility, a previously oxidized sample was 
held for 1 hour at 468°C and under 1 em Hg oxygen pressure. 
Only 0.01 mg was lost in this treatment. This indicates 
that vapor losses of the oxide were not responsible for the 
lower rates either. 
The results of these experiments indicate that during 
a run no appreciable losses of material are encountered. 
A regular weight loss of the sample was noted from run to 
run though. These losses amounted to about 0.15 mg/run. A 
reduced sample was heated to the normal reduction temperature 
in flowing hydrogen and held at temperature for 6 hours; it 
was found that the sample lost 0.09 mg with this treatment. 
Therefore, all of the sample losses seemed to take place 
during the reduction period when the sample is at 600°C in 
flowing hydrogen for 10-12 hours. 
B. Lead-Silver Alloy Oxidation 
Rate data for lead-silver alloy oxidation is very 
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limited. Gruhl 11 found that silver additions to 1% had little 
effect or only slightly reduced the rate of oxidation in air 
at 400 and 50 .. 0°C.. Hoffman and Mahlich, 14 found that an 
addition of O.OD5% silver increased the rate of .oxidation 
by approximately 30% over the pure lead rate in air at 
520°C, but an addition o£.0.01% yielded approximately the 
same rate of oxidation as pure lead. 
The lead-silver phase diagram32 is a simple eutectic 
system with limited solid solubility at both extremes. The 
eutectic point is at 2.5% silver and 304°C. The maximum 
solid solubility of lead in silver is 5.2% at 600°C; and 
the maximum solid solubility of silver in lead is 0.1% at 
300°C. 
The results of the present study (Figures 6 to 11) 
indicate that silver additions in the hypoeutectic region 
(2.5% and lower) result in increased rates of oxidation of 
a lead melt. The rate laws for the oxidation of lead-
silver alloys follow in general those found for pure lead. 
Both the alloys studied exhibited a cubic rate of oxidation 
at temperatures below 550°C. At temperatures above 550°C, 
a parabolic rate was exhibited. As in the case of the pure 
lead results, the lead-silver alloys are assumed to oxidize 
by a logarithmic-parabolic mechanism below 550°C. Evidence 
that a logarithmic rate is followed in the lower temperatures 
is given by the high n values listed in Tables I to III. 
There are a number of possible explanations for the 
higher rates of oxidation found in the lead-silver alloys. 
These possible explanations are described below. 
The results of the pure lead pressure dependence 
experiments indicated that lead oxide (as produced in this 
study) was an n type oxide. Two types of defects in PbO 
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can yield an n type oxide. These defects are anion vacancies 
or cation intersti tials ... An inert marker experiment should 
help in resolving which type of oxide defect is present in 
the PbO, although the results of such studies are usually 
far from conclusive in their own right as mentioned 
previously. Such was the case in this study also, but from 
the limited marker experiments, anion vacancies would be 
predicted as the predominate ionic defect. This indicates 
that the mechanism for the oxidation of lead is by oxygen 
diffusion through the lead oxide by anion vacancy movement. 
For n type oxides, 32 additions of cations of lower 
valence than the cation in the parent oxide will increase 
the number of oxygen vacancies in the oxide. If this 
occurs, the reaction scheme will be: 
PbO + Agmelt ;_ PbPb + 0 0 + Agp~ + V~ 2 + le (38) 
When another silver atom enters the PbO layer ·the same 
reaction will again occur. Therefore: 
+ 2V+Z + 2e 
0 
An oxygen atom may now enter the reaction, 
2A + LO + 2AgP-bl + 1 vo+2 + oo 
. &melt '2 2 + 
(39) 
(40) 
This scheme indicates that the addition of silver will 
increase the oxygen vacancy concentration in the ratio of 
-1 +2 2AgPb = 1V0 , when all of the electrons have been utilized 
as in equation (40). 
The assumption is made that any silver entering the 
oxide will assume a +1 valence, and Ag 2o2 is unstable even 
at 25°C in 1 atmosphere oxygen. From these considerations, 
the amount of silver in the oxide scale would probably be 
quite small. However, since the minimum amount of impurity 
necessary for an extrinsic semiconductor is about 1 part 
in 10 8 , the amount of silver necessary for the above 
described doping effect may be even less than can be 
analytically determined. 
From the analysis of the pure lead results, it was 
determined that for anion vacancies in PbO, 
Also, from Wagner's parabolic rate theory, 
(41) 
( 42) 
Therefore, by adding silver to the lead, and this silver 
· of [V+0 2] subsequently doping the oxide, the concentrat1on 
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would increase; this increase would increase the rate of 
oxidation of the melt. This concludes the first possibility 
.for t he explanation of increased rates and strongest argument 
of oxidation with increased silver in the melt. 
Another possible explanation for the increased rate 
of oxidation with silver alloys could be related to the 
amount of PbO (tetragonal) formed on oxidation of the lead-
silver alloys. The X-ray diffraction data for samples 
oxidized at 350°C and then cooled to room temperature for 
diffraction analysis indicates that with increased amounts 
of silver, the formation of PbO (tetragonal) is favored. 
A similar effect is to be noted for the room temperature 
diffraction data for samples oxidized at 450°C. 
In Table IV the calculated activation energies for 
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the oxidation of pure lead and the two lead silver alloys are 
given. It should be noted that the data for the low 
temperature oxidation (below approximately 490°C) shows a 
lower activation energy than the data at the higher 
temperatures where only PbO (orthorhombic) is found. This 
low activation energy region is the temperature range in 
which both forms of PbO are found. These results indicate 
that lead may oxidize to PbO (tetragonal) with a lower 
activation energy than the process of oxidizing a lead melt 
to PbO (orthorhombic). 
Therefore, a correlation seems to be established 
between increased silver concentrations, greater amounts of 
PbO (tetragonal) being formed or stabilized and lower 
activation energies for oxidation. From this, it may be 
concluded that below 490°C, the rate of oxidation of lead-
silver alloys should. be higher than for pure lead. Naturally, 
if the increased rates of oxidation are solely caused by 
this explanation; above 490°C where only PbO (orthorhombic) 
is stable, the rates of oxidation of the lead-silver alloys 
should approach those of pure lead. 
The percentage increases in weight gain area for the 
two silver alloys, over pure lead, are listed in Table X. 
The 580°C data was omitted from this table because at this 
temperature the anomalous curves in Figure 11 may possibly 
be explained by vaporization effects. 
Table X does seem to indicate that at temperatures 
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above the transition point for PbO (tetragonal) to PbO 
(orthorhombic) there is about a 50% reduction in the 
increased rate of oxidation of the alloys as compared to pure 
lead. This indicates that above the transition point only 
the doping effect of silver contributes to the increased 
oxidation rate. Below the transition point a combination of 
the doping effect and stabilization of PbO (tegragonal) may 
contribute to the increased rate of oxidation of the lead-
silver alloys. 
This explanation, using a combination of these first 
two possible causes for increased oxidation, is the most 
probable explanation for the effects found in this study. 
Although it is felt that the above explanation best 
describes how silver additions increase the rate of lead 
melt oxidation, some other possibilities do exist which 
merit being mentioned at this time. In general, these 
effects may be due to physical changes which silver 
additions could cause in the lead-silver alloys. For 
TABLE X 
PERCENTAGE INCREASE IN WEIGHT UPTAKE DUE 
TO SILVER ADDITIONS 
Alloy 
Temperature 0.496% Ag 2.258% 
350°C 42.9% 64.3% 
398°C 53.0% 65.5% 
440°C 44.9% 71.4% 
490°C 59.3% 66.2% 
535°C 20.5% 33.7% 
Percentages based on three hour oxidation data. 
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Ag 
example, silver decreases the liquidus temperature for the 
lead-silver melts with increased additions of silver in the 
hypoeutectic region. The lead-silver alloys will be 
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oxidized then at a higher temperature relative to their 
melting points than pure lead at the same reaction temperature. 
This increased temperature, relative to the melting point, 
may cause the alloy melts to have a higher degree of fluidity 
or a generally higher degree of disorder. With increased 
fluidity, minor vibrations of the experimental apparatus 
may be transmitted to the melt and lead to oxide cracking. 
If cracking takes place in the oxide layer, a higher apparent 
rate of oxidation would result. The test of this theory 
would be to determine the rate of oxidation of a hypereu-
tectic (greater than 2.5%) alloy where silver additions 
cause drastic increases in the liquidus temperature. 
Another physical factor worth consideration is the 
difference in the densities between the two forms of PbO. 
PbO (tetragonal) has a density of 9.53; the density of 
PbO (orthorhombic) is 8.0, and that of lead is 11.3. With 
these sizable density differences, cracking in the oxide 
may occur as the grains of the oxides grow and tend to order 
themselves according to density, with PbO (orthorhombic) 
on the external surface and PbO (tetragonal) tending to be 
at the lead-oxide surface. Along similar lines of thought, 
morphological conditions in the film may be such that the 
theoretical densities are not actually present. One or 
both forms may grow in a very open, fluffy manner such that 
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oxygen diffusion may take place rapidly through it. This 
might actually be the cause for increased rates of oxidation 
when greater amounts of PbO (tetragonal) are present. This 
possibility was investigated by using a Scanning Electron 
Microscope to study the surfaces of the samples prepared 
for X-ray diffraction analysis. No unique, morphological 
trends were detected in these studies. The possibility is 
still present though that these trends take place on a 
submicroscopic level not detectable using the techniques 
available. 
VI. CONCLUSIONS 
A. Pure Lead 
The results of this study indicate that liquid lead 
oxidation is best approximated by a cubic rate equation 
between 350 and approximately 400°C. Above approximately 
400°C the oxidation rate tends to follow a parabolic rate 
form. 
Both PbO (orthorhombic) and PbO (tetragonal) were 
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found as reaction products of samples oxidized at 350 and 
450°C (10 em Hg =oxygen pressure). The reaction products 
were identified by room temperature X-ray diffraction 
analysis. Only PbO (orthorhombic) was found on samples 
oxidized at 550°C. All oxides were found to be preferentially 
oriented with the (002) basal plane parallel to the melt 
surface. 
A change in slope in the Arrhenius plot at approximately 
490°C may indicate that a change in mechanism occurs at this 
temperature. The activation energy for the oxidation of lead 
below 490°C is 11.05 k cal/mole, and above 490°C the 
activation energy is 18.9 k cal/mole. 
Pressure changes in the range 730 mm Hg to 1 mm Hg of 
oxygen did not affect the reaction rate, indicating that the 
oxide formed was n type. 
Marker experiments indicated that the most probable 
method of mass transfer through the oxide is by anion 
vacancy motion. 
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B. Lead-Silver Alloys 
Silver additions of less than 2.5% were found to 
increase the rate of oxidation as compared to the pure lead 
rates. The increases were on the order of 50% over the pure 
lead rate. 
The overall rate equation for the oxidation of 0.496% 
silver and 2.258% silver alloys from 350 to approximately 
550°C (10 em Hg oxygen pressure) is best approximated by a 
cubic equation. Above approximately 550°C the reaction 
rates tend to approach a parabolic form. 
The amount of increased oxidation rate for the silver 
alloys, as compared to the pure lead rates, decreases at 
temperatures above 490°C by about one half. 
PbO (tetragonal) and PbO (orthorhombic) were found as 
reaction products of samples oxidized at 350 and 450°C 
(10 em Hg =oxygen pressure). The reaction products were 
identified by room temperature X-ray diffraction analysis. 
Only PbO (orthorhombic) was found on samples oxidized at 
SS0°C. The oxides were found to be preferentially oriented 
with the (002) basal plane parallel to the melt surface. 
At 350 and also 4S0°C, increased silver content seemed to 
favor the formation of and/or stabilize PbO (tetragonal). 
As with the pure lead data, a change in slope of the 
Arhennius plot at about 490°C indicated that a change in 
mechanism may occur at this temperature. The activation 










The increased rates of oxidation with silver additions 
may be due to a variety of reasons. Most probably a doping 
effect of Ag+l increasing the vacancy concentration in the 
oxide and a tendency for greater amounts of PbO (tetragonal) 
explain the increased rates of oxidation below about 490°C. 
Above 490°C only the doping effect would seem to adequately 





TABULATED DATA FOR THE OXIDATION OF LEAD 
AND LEAD-SILVER ALLOYS 
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TABULATED DATA FOR THE ISOTHERMAL OXIDATION OF PURE LEAD (Surface Area=7.39 cm2) 
Time (hours): 
Loge (time) · 
Temperature: 345°C ~weight/area (mg/cm2): 
Loge (weight/area) 
Temperature: 392°C 2 
~weight/area (mg/cm ): 
Loge (weight/area) 
Temperature: 393°C ~weight/area (mg/cm2): 
Loge (weight/area) 
Temperature: 439°C 2 
~weight/area (mg/cm ): 
Loge (weight/area) 
Temperature: 488°C ~weight/area (mg/cm2): 
Loge (weight/area) 
Temperature: 530°C 2 
~weight/area (mg/cm ): 
Loge (weight/area) 
Temperature: 532°C 2 
~weight/area (mg/cm ): 
Loge (weight/area) 
Temperature: 580°C ~weight/area (mg/cm2): 
Loge (weight/area) 
0.5 hours 1.0 hours 2.0 hours 3.0 hours 4.0 hours 
-0.69315 0.0 +0.69315 +1.0986 +1.386 
0.00947 0.01353 0.01759 0.01894 0.02030 
-4.6594 -4.3027 -4.0403 -3.9662 -3.8972 
0.01827 0.02503 0.03045 0.03451 0.03857 
-4.0026 -3.6875 -3.4918 -3.3666 -3.2554 
0.02030 0.03518 0.03924 0.04195 
-3.8973 -3.3472 -3.2380 -3.1713 
0.02706 0.04195 0.05683 0.06631 0.07442 
-3.6096 -3.1713 -2.8676 -2.7135 -2.5980 
0.05548 0.07713 0.10149 0.11637 
-2.8917 -2.5622 -2.2878 -2.1510 
0.09337 0.13667 0.18945 0.22869 0.26252 
-2.3712 -1.9902 -1.6637 -1.4754 -1.3374 
0.09878 0.14208 0.19350 0.23139 0.26387 
-2.3148 -1.9513 -1.6425 -1.4636 -1.3323 
0.16779 0.28823 0.46685 0.60217 0.72801 
-1.7850 -1.2440 -0.7618 -0.5072 -0.3174 
'l 
CJ1 
TABULATED DATA FOR THE ISOTHERMAL OXIDATION OF 0.496% SILVER, LEAD SILVER ALLOY 
(Surface Area=7.39 cm2) 
Time (hours): 0.5 hours 1. 0 hours 2.0 hours 3.0 hours 4.0 hours 
Loge (time) . -0.69315 0.0 +0.69315 +1.0986 +1.386 
--
Temperature: 349°C 2 0.01894 0.02165 0.02435 0.02706 0.02842 ~ weight/area (mg/cm ) : 
Loge (weight/area) . -3.9666 -3.8328 -3.7152 -3.6097 -3.5608 
Temperature: 400°C 2 0.02706 0.03789 0.04601 0.05277 0.05683 ~ weight/area (mg/cm ) : 
Loge (weight/area) . -3.6095 -3.273 -3.0789 -2.9417 -2.8676 . 
Temperature: 398°C 2 0.02436 0.03247 0.04195 0.05006 0.05548 ~ weight/area (mg/cm ) : 
Loge (weight/area) -3.7149 -3.4274 -3.1713 -2.9945 -2.8918 
Temperature: 439°C 2 0.04466 0.06225 0.08255 0.09608 ~weight/area (mg/cm ): 0.10420 
Loge (weight/area) . -3.1087 -2.7766 -2.4943 -2.3426 -2.2614 
Temperature: 490°C 2 0.10690 0.13938 0.17050 6 weight/area (mg/cm ): 0.19215 0.20298 
Loge (weight/area~ : -2.2359 -1.9705 -1.7690 -1.6495 -1.5947 
Temperature: 490 C 2 0.1042 0.1353 6 weight/area (mg/cm ): 0.1664 0.1854 0.2003 
Log (weight/area) : -2.2615 -2.0001 -1.7931 -1.6853 
-1.6081 
e o 
Temperature: 537 C 2 
0.1434 6 weight/area (mg/cm ): 0.1921 0.2449 0.2760 0.3004 
Log (weight/area) : -1.9418 -1.6495 -1.4068 -1.2872 
-1.2026 e o 
Temperature: 583 C 2 
6 weight/area (mg/cm ): 0.2205 0.3220 0.4600 0.5683 0.6684 




TABULATED DATA FOR THE ISOTHERMAL OXIDATION OF 2.258% SILVER, LEAD-SILVER ALLOY 
(Surface Area=7.39 cm2) 
Time (hours): 0.5 hours 1.0 hours 2.0 hours 3.0 hours 4.0 hours 
Loge (time) -0.69315 0.0 +0.69315 +1.0986 +1.386 
--
Temperature: 349°C 2 0.0230 0.02706 0.02977 0.03112 0.03248 6 weight/area (mg/cm ): 
Loge (weight/area) : -3.7721 -3.6096 -3.5142 -3.4698 -3.4272 
Temperature: 398°C 2 0.04465 0.04871 0.05954 0.06495 0.07172 6 weight/area (mg/cm ) : 
Loge (weight/area) -3.1088 -3.0218 -2.8211 -2.7341 -2.635 
Temperature: 444°C 2 0.06630 0.08254 0.10284 0.11367 0.12584 6 weight/area (mg/cm ) : 
Loge (weight/area) -2.7135 -2.4944 -2.2746 -2.1745 -2.0727 
Temperature: 490°C 2 0.1055 0.1339 0.1732 0.1935 0.2097 6 weight/area (mg/cm ) : 
Loge (weight/area) . -2.2486 -2.0102 -1.7533 -1.6424 -1. 5619 
Temperature: 535°C 2 0.1597 0.2084 0.2666 0.3058 6 weight/area (mg/cm ): 0.3369 
Log (weight/area) : -1.8346 -1.5683 -1.3221 -1.1848 
-1.0878 
e o 
Temperature: 581 C 2 0.2422 0.3518 0.5047 6 weight/area (mg/cm ): 0.6279 0.7375 







WAGNER'S TREATMENT OF THICK LAYER TARNISHIN.G 2 8 
If a compound MaXb is present between a phase of pure 
M (metal) and a gaseous or liquid phase of pure X (non-metal), 
the conditions in the compound at the two boundaries are in 
general not the same. 
At the first boundary (I) there is equilibrium between 
M and MaXb, i.e. the thermodynamic potential of M in the 
compound is equal to that of the metal: 
~(M)comp. I = ~(M)metal (1) 
At the other boundary (II) there is similarly: 
~(X)comp. II = ~(X)vapor (2) 
Since at each point 
(3) 
the following can be written 
~(MaXb) = a~(M)comp. I + b~(X)comp. I (4) 
= a~(M)comp. II + b~(X)comp. II 
Combination of 1, 2 and 4 gives 
in which ~G is the free energy increment of the reaction 
In general ~G I 0 : ~G = 0 only if the activity of X in the 
gas is just equal to that of the compound in equilibrium 
with M (usually an extremely low pressure). If ~G < 0 
79 
the reaction will proceed, more of the compound being formed 
as time proceeds. If ~G > 0 the compound decomposes, 
leaving finally only metal and vapor. Thus for oxidation 
the only case to be discussed is for 6G < 0. 
Note that M and X denote atoms. Wagner, however, 
considers the case that the transport inside the compound 
takes place not by neutral atoms but by ions and electrons. 
He assumes that the ions have the valency corresponding to 
the composition of the compound, i.e. in MaXb, M occurs as 
Mm+ and X as xr-, with m/r = b/a. The thermodynamic 
potentials of these ions are related to those of the atoms 
by the ionization reactions 
-+ m+ - ( m+) ( -) (6) Mcomp. + M +me , or ~(M)comp.=~ M +m~ e 
r- -
Xcomp. -+ xr-_re-, or ~(X) =~(X )-r~(e) 
+ comp. 
(7) 
Thus the gradients in~(M) and~(X) lead in turn to gradients 
m+ r- ( -) in ~(M ), ~(X ) and~ e . Owing to these gradients, the 
h h th 1 er Since their ions and electrons diffuse t roug e ay · 
concentrations and diffusion coefficients are not the same, 
the rate of diffusion tends to be different for the various 
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species. This, if allowed to proceed, would lead to 
separation of charges of opposite sign, i.e. to the formation 
of a continuously increasing space charge in the crystal. 
This does not happen; the space charge gives rise to an 
electric field opposing the separation of charges. As a 
consequence, a stationary state is reached in which the 
field ~! is just so that no net electric current flows. The 
potential ~ is comparable to a diffusion potential in 
electrolytic solutions. The problem at hand consists in 
the description of the migration of the various species 
under the combined influence of the concentration gradient 
(proper diffusion) and the diffusion potential. The number 
of particles of species i with concentration ci passing per 
second through a plane parallel to the surface of the metal 
with an area 1 cm2 is given by: 
d]..l. d~ 
J·. = -C.B.{~ + Z. q ~x} l l l ux l ux (8) 
in which q is the elemental charge, x is the ordinate perpen-
dicular z. the valency of the species i (viz., m, r or -1). 
l 
B. is a sort of generalized mobility: 
l 













the dl"ffusion constant and the mobility of the 
· 1 B c a be expressed in terms of 
respect1ve y. i i c n 
quantities such as the conductivity (o) and 
transport numbers (t): 
B.c. 






The object now is to eliminate ~!· In the stationary state, 
no current flows in the oxide layer. Therefore, the particle 
currents j(Mm+), j(Xr-) and j(e-), given by the numbers of 
m+ r- - 2 particles M , X and e flowing per second through 1 em 
of a plane parallel to the metal surface, must obey the 
relation 
(9) 
The field ~! can be found from this relation, together with 
expression (8) for each species, using for Bici the 
expression given above. 
Introducing transport numbers: 
with t = t + t + tx = 1, we find e m 
According to the Gibbs-Duhem equation, at any point, the 
thermodynamic potentials of the constituents of the compound 
are related by: 
ad~(M)comp. + bd~(X)comp. = 0 
or s1nce m/r = b/a, also 
rd~(M)comp. + md~(X)comp. = 0 
Using this relation together with (6) and (7), remembering 
that Et = 1, the term ~(e) and ~(Mm+) or ~cxr-) can be 
eliminated, the following expression is derived: 
~ = - + t e d~(M)comp. dx } 
r-
and similar equations in terms of ~(X ) and ~(X)comp.· 
(13) 
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Inserting these equations into the expressions for particle 
currents of Mm+ and xr- (8), the transport for the individual 
ions can be found. 
= 
tmte 




2 ° dx q mra 
(14) 
(15) 
The combination of these gives the total rate of reaction 
jgrowth 
= _ j(Mm+) + j(Xr-) molec~les MaXb 
a b em · sec (16) 
o d~(X)comp. 
= tet1. dx 
. z zb q r 
in which t . = tm + tx, the total transport number. l 
Integrating over a thickness 1 of the compound, with 
1 equal to the difference of x at the two boundaries: 
1 = XII - XI leads to 
1 
~(X) I I 
Jgrowth = qzrzbz£ J t t. bd~(X)comp. (17) ~(X) I e l 
If te, ti and cr are assumed constant over the layer; then 
these quantities can be given an average value and can be 
taken out of the integral. Further, according to (5): 
II 
If bd~(X)comp. = b{~(X)comp. II - ~(X)comp. I} = 
Hence, under these conditions, 
jgrowth = (18) 
the bar indicating the average values oft and cr. Comparing 
(18) with the experimental form of the parabolic rate where 
x 2 = kt 
2 
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numb er of molecules of MaXb formed per em kt 
= n- (19) jgrowth = time ln seconds N 
then: = l LlG 
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